ABSTRACT V1309 Sco was proposed to be a stellar merger and a common envelope transient based on the pre-outburst light curve of a contact eclipsing binary with a rapidly decaying orbital period. Using published data, I show that the period decay timescale P/Ṗ of V1309 Sco decreased from ∼ 1000 to ∼ 170 years in 6 years, which implies a very high value ofP. I argue that V1309 Sco experienced an onset of dynamical mass loss through the outer Lagrange point, which eventually obscured the binary. The photosphere of the resulting continuous optically-thick outflow expands as the mass-loss rate increases, explaining the ∼ 200 day rise to optical maximum. The model yields the mass-loss rate of the binary star as a function of time and fits the observed light curve remarkably well. It is also possible to observationally constrain the properties of the surface layers undergoing the dynamical mass loss. V1309 Sco is thus a prototype of a new class of stellar transients distinguished by a slow rise to optical maximum that are driven by dynamical mass loss from a binary. I discuss implications of these findings for stellar transients and other suggested common envelope events.
INTRODUCTION
V1309 Scorpii developed an unusually red color during its 2008 outburst and joined the group of enigmatic objects such as V838 Mon, V4332 Sgr, and M31 RV (e.g. Martini et al. 1999; Munari et al. 2002; Mason et al. 2010) . One possible explanation of these objects is that they are mergers of stars (e.g. Soker & Tylenda 2003 , 2006 . V1309 Sco solidifies this view, because the pre-outburst photometry revealed a binary star system with a rapidly decaying orbital period (Tylenda et al. 2011; Fig. 1) .
To make two stars in a binary merge, secular and dynamical instabilities must bring them close enough so that they orbit in a non-corotating common envelope, where the associated drag forces causes the final merger and envelope ejection (e.g. Paczyński 1976 ; Livio & Soker 1988; Iben & Livio 1993; Taam & Sandquist 2000; Ivanova et al. 2013b) . V1309 Sco offers an excellent opportunity to robustly study the approach to merger through its orbital period decay and pre-outburst light curve.
In this paper, I focus on two important but neglected features of V1309 Sco: (1) the rapidly accelerating orbital period decay and (2) the slow ∼ 200 day rise to optical maximum. In Section 2, I argue that the orbital period decay is due to dynamical mass loss. In Section 3, I illustrate how the the dynamical mass loss from the binary could yield to a slow brightness increase. In Section 4, I present a fit to the light curve and period evolution of V1309 Sco and interpret the fit parameters within the dynamical mass loss model. In Section 5, I discuss my findings and provide implications for other transients. In Section 6, I review the results. Figure 1 shows the orbital period evolution of V1309 Sco prior to its outburst as measured by Tylenda et al. (2011) . The period decrease, likely the fastest ever observed in a binary pejcha@astro.princeton.edu 1 Hubble and Lyman Spitzer Jr. Fellow system, is accelerating with time. The decay timescale, P/Ṗ, decreased from ∼ 1000 years to ∼ 170 years in less than 6 years. During the same time, the second derivative timescalė P/P decreased from about 5.2 years to 1.1 years, suggesting that the period decay accelerated and higher-order derivatives of the period were important as well. A change in P/Ṗ by a factor of ∼ 6 over a timescale that is at least order of magnitude shorter than P/Ṗ is very surprising. Since the period decrease eventually ended in an outburst and potentially a merger, it is imperative to understand the mechanism of the period change. Understanding the observed period change is not straightforward. For example, one of the possible explanations of the period decay in V1309 Sco is the Darwin instability (Stȩpień 2011) , possibly in combination with other effects such as the mass loss from L2 (Tylenda et al. 2011 ). In the theory of equilibrium tides, the Darwin instability proceeds on the tidal friction timescale t TF . Before the outburst, V1309 Sco was a contact binary filling its Roche lobes, which gives
PERIOD CHANGE OF V1309 SCO
where t V is the intrinsic viscous timescale of the star, Q E measures the quadrupolar deformability of the star 2 and q = M 2 /M 1 is the mass ratio with 0.1 q 10 for this approximation (Eggleton 1983; Eggleton & Kiseleva-Eggleton 2001) . Since t V is typically estimated to be between about a year and decades and Q E ∼ 0.2 for a fully convective star (Eggleton et al. 1998) , t TF is between about a hundred and thousands of years. The Darwin instability is driven by the subsynchronous rotation of one of the stars, P/Ṗ ∼ t TF (1 − Ω/ω) −1 , where Ω/ω is the ratio of stellar spin frequency to the orbital frequency. The period decay is thus much , Fig. 2) ; the implied mass loss rate is shown in Figure 3 . The rapidly decreasing period decay timescale P/Ṗ is evaluated at two positions (red solid circles).
slower for nearly synchronous rotation. The structure of the orbital evolution equations of Eggleton & Kiseleva-Eggleton (2001) suggests that the second derivative of period change isṖ/P ∼ t TF and that for any tidal process 3 bothṖ and P change on the tidal timescale t TF . However, the observations of the period change show that P/Ṗ changes from about 1000 to 170 years andṖ/P from about 5 years to 1 year, which is noticeably shorter than t TF . These two observed timescales differ by about two orders of magnitude at any point of the evolution and both decrease substantially during the timespan of observations. Therefore, the period decrease of V1309 Sco cannot be understood within a theory that predicts period evolution to have similar and constant timescalesṖ/P and P/Ṗ, such as the equilibrium tidal theory (Eggleton et al. 1998; Eggleton & Kiseleva-Eggleton 2001) . However, Eggleton (2012) asserted that the Darwin instability in V1309 Sco could act on a timescale as short as few years or even days. Furthermore, tidal dissipation efficiency can be significantly increased with non-linear effects such as resonances between the orbital motion and oscillations in the star, if they can be maintained long enough, for example by resonance locking.
The accelerating period decrease of V1309 Sco must be due to the onset of an instability that operates on a timescale much shorter than t TF yet longer than the dynamical timescale P (since it took V1309 Sco several hundred days to reach optical maximum). This is compatible with dynamically unstable mass loss, which occurrs when a star tends to adiabatically expand with respect to the Roche lobe radius as a response to a removal of surface layers (e.g. Paczyński & Sienkiewicz 1972; Plavec et al. 1973; Webbink 1977a,b; Hjellming & Webbink 1987; Soberman et al. 1997) . Tylenda et al. (2011) also suggested that dynamically unstable mass loss operates in V1309 Sco and I argue in favor of this possibility, because it allows to explain the unusually slow rise of luminosity of V1309 Sco.
After the binary variability disappeared, the luminosity of V1309 Sco slowly increased during ∼ 200 days as is shown in Figure 2 . This slow rise is longer than the dynamical time of the system, but comparable to the timescale on which the period of the binary orbit was changing just before the binary variability disappeared. In this Section, I describe how the period decay and slow luminosity increase can be connected using dynamical mass loss. The luminosity depends on the the mass loss rate from the systemṀ out , which is in turn proportional to the period change,
where the mass outflow rateṀ out = −Ṁ is assumed to be positive, M = M 1 + M 2 is the total mass of the binary, and A is the constant of proportionality that depends on the mechanism of period change and mass loss. Without detailed knowledge of the structure of V1309 Sco before the outburst, which can be eventually obtained from detailed modelling of the light curve, it is unknown whether the mass leaves the binary through the outer Lagrange point (Kuiper 1941; Lubow & Shu 1975; Shu et al. 1979) or whether there is a combination of mass transfer and mass loss. I will discuss the case of mass loss through the outer Lagrange point, because it provides a self-contained relation between the period change and mass loss rate without additional parameters.
Mass loss through the outer Lagrange point will cause the orbital period to decrease. The exact form of relation betweeṅ M out /M andṖ/P (value of A in Eq.
[2]) depends on which star is actually losing the mass (Pribulla 1998) . I choose the case when the mass first flows from the primary to the envelope of the secondary and then is lost through the outer Lagrange point, which gives (Pribulla 1998, Eq. (16) )
where r(q) is a non-dimensional slowly varying function of the mass ratio, r(q) ≈ 1.2. The other cases discussed in Pribulla (1998) differ by a factor of ∼ 2 in A. The orderof-magnitude estimate presented in this paper works for any A > 0 since A is degenerate with other quantities such as opacity or velocity of the outflow. Given the estimate that q ≈ 0.1 and M ≈ 1.7 M ⊙ from Stȩpień (2011) , the period change of V1309 Sco impliesṀ out ∼ 2 × 10
For mass loss described by Equation (2), the orbital energy
where I assumed that −Ṁ out =Ṁ =Ṁ 1 . Parameters appropriate for V1309 Sco were used. The binary orbit loses energy, because A ≫ 1 for small q, and E orb andṖ/P are both negative.
The kinematics of the matter leaving the outer Lagrange point was studied by Shu et al. (1979) . For 0.064 ≤ q ≤ 0.78, the particles leaving L2 will fly to infinity in a "garden sprinkler" spiral pattern both in the co-rotating and inertial reference frames. Although the outflow starts as a stream originating at L2, it should surround the binary and become more isotropic as the binary rotates and the spiral arms spread both in the horizontal and vertical directions (Shu et al. 1979) . I therefore assume that the outflow can be treated as spherically symmetric with radial density profile
where v esc is the characteristic velocity of the outflow, which I assume to be equal the escape velocity of the binary, v esc = 2GM/a. Despite the rapid and accelerating period change, the system still evolves on a much longer timescale than the dynamical timescale (P/Ṗ ≫ P) and it is thus possible to assume quasistatic evolution. The power necessary to launch the outflowĖ . (6) comes from the orbital decay. The energy decay of the binary orbit (Eq. [4] ) is sufficient to provide kinetic energy of the outflow with this high mass-loss rate.
I also assume that the outflow is isothermal with the color temperature of the binary, which should roughly hold until the material gets far from the binary (Shu et al. 1979) . As the dynamical mass loss runs away,Ṁ out increases and the outflow eventually forms a photosphere with a radius
where κ = κ −2 10 −2 cm 2 g −1 is the characteristic opacity of the isothermal outflow. Although I assume that the outflow is nearly isothermal, a proper calculation of the outflow thermodynamic structure is necessary to precisely connect the mass loss rate with the position of the photosphere, because for the temperature range relevant for V1309 Sco, κ grows steeply with temperature due to H − opacity (Alexander & Ferguson 1994; Ferguson et al. 2005 ) and the photosphere might be positioned at the largest gradient of opacity.
The binary optical radiation L binary will be replaced by that from the photosphere of the outflow with luminosity
where the photospheric temperature T out should not be substantially different from the temperature of the binary T binary . The luminosity of the optically-thick outflow is thus dictated by the physics of the mass loss from the binary (Eq. [7] ). The outflow should be radiatively inefficient in the sense that
but no conversion ofĖ out to L out is necessary below the photosphere. Equivalently, the outflow thermal energy is much smaller than its kinetic energy. 
MASS LOSS RATE EVOLUTION OF V1309 SCO
In this Section, I present a fit to the light curve and period evolution of V1309 Sco. The phenomenological prescriptions in the model are based on the prediction of Section 3 that L ∝ (Ṗ/P) 2 and previous works on dynamical mass loss. The values of the fit parameters are reasonable when interpreted within the scenario presented in Section 3, which suggests that the presented model is consistent with the observations. Figure 2 shows the slow rise to optical maximum of V1309 Sco (4550 ≤ t ≤ 4710), which I explain as the expanding photosphere of an optically-thick outflow powered by the dynamical mass loss. The orbital variations disappeared between t ≈ 4300 and 4550, which constrains κ to be between 5 × 10 −3 and 1. Eq. [7] ). This is a reasonable result for a relatively low temperature material (Alexander & Ferguson 1994; Ferguson et al. 2005) . I assume that R τ =1 = a at t ≈ 4550, which gives κ ≈ 5 × 10 −3 cm 2 g −1 . The photospheric temperature was not measured during the optically-thick outflow phase, but the low opacity suggests photospheric temperatures 7000 K. Before the binary became obscured, Tylenda et al. (2011) found T binary ≈ 4500 K, while at the optical maximum the temperature was between about 5000 and 6000 K (Mason et al. 2010; Tylenda et al. 2011) . At optical maximum, the FWHM of the Balmer lines was 150 km s −1 (Mason et al. 2010) , consistent with the v esc = 300 km s −1 assumed here. By combining the directly observed orbital period change and the slow brightening due to the optically-thick outflow, it is possible to constrain the total mass loss evolution of the primary star in V1309 Sco. I first focus on the slow brightening. To predict the change in luminosity as a function of time, the model of Section 3 requires the time evolution of the mass loss rate. Following Paczyński & Sienkiewicz (1972) and Webbink (1977b) , I assume that the mass loss rate runs 
Figure 3.
Total mass loss rate of V1309 Sco reconstructed by combining period measurements (Fig. 1 ) and the slow brightening (Fig. 2) assuming q = 0.1, which gives A ≈ 50.
away as a power lawṀ
with a singularity at t 0 . Combining Equations (7) and (10), the observed magnitude is
where C hides all remaining parameters (including γ, distance modulus and extinction), which I assume to be constant with t. The optically-thick outflow phase shown in Figure 2 gives t 0 = 4730 ± 0.5 and δ = 1.12 ± 0.01 and the model matches the slow brightening remarkably well with only three parameters t 0 , δ, and C. The fit is valid only until t ≈ 4710, because at that point the brightening of V1309 Sco significantly accelerated and proceeded on approximately the dynamical timescale of the system. It is thus not surprising that the fit gives t 0 about 20 days later than the start of the dynamic brightening.
The parameter δ has a clear physical meaning directly related to the properties of the surface layer of the star experiencing mass loss. Specifically, δ = (2n + 3)/(2n + 1), where n is the polytropic index (Jedrzejec 1969; Paczyński & Sienkiewicz 1972; Webbink 1977b) , which gives δ = 3/2 and 9/7 for a fully convective and radiative star, respectively. The value obtained from fitting V1309 Sco implies very high values of n and nearly isothermal surface layer during the dynamical mass loss. The model presented here can in principle observationally constrain the behavior of stars in a response to large amounts of mass loss, which has been calculated only theoretically (Woods & Ivanova 2011; Passy et al. 2012 ). However, a more detailed model of the outflow structure is necessary to provide a robust value of δ, because the estimate of δ can be biased if quantities such as κ and the outflow velocity smoothly evolve in time.
The fit of the slow brightness rise of V1309 Sco determines well δ and t 0 , but cannot constrain the absolute scale of the mass loss rate, because γ enters only through the additive constant C, which depends also on uncertain values of distance, extinction, κ, v esc , and others. Fortunately, the constraints from the directly observed P(t) are complementary to the slow brightness rise. The observed P(t) cannot uniquely determine t 0 , γ, and δ, because the binary becomes obscured too far from the singularity at t 0 . But with δ and t 0 constrained by the slow brightness rise, P(t) sets the absolute scale of the mass loss rate γ (assuming A(q) is known). The explicit period evolution can be obtained by integrating Equations (2) and (10), which gives
where P 0 is the integration constant and the Equation is valid for δ = 1. Applying this to the directly observed period evolution with δ and t 0 fixed to the results from the light curve fit gives values of P 0 and γ. In particular, the uncertainty in γ due to the scatter in P(t) is ∼ 5% if there is no uncertainty in A. It is worth noting that although δ and t 0 are fixed during period fitting, their values cannot be chosen arbitrarily to match the period change. For example, with δ ≈ 2.25 the curvature of P(t) can be matched only with t 0 about 1000 days after the optical maximum. This provides an additional consistency check on the model. Figure 3 shows the reconstructed evolution ofṀ out assuming q = 0.1, which gives A ≈ 50. The quasistatic evolution lasted ∼ 2400 days during whichṀ out increased by more than two orders of magnitude. At t ≈ 4710, the binary orbital period is estimated to be P ≈ 1.387 days, which translates to 97.7% of the separation at the beginning of observations. The total mass lost from the binary is ∼ 1.2 × 10 −3 M ⊙ with a kinetic energy of ∼ 1.1 × 10 45 ergs. The total energy radiated during the optically-thick outflow phase is much smaller, ∼ 1.2 × 10 43 ergs. The wind is radiatively inefficient, η ≃ 1%, with peak efficiency of ≃ 5% at t = 4710 assuming T = 5000 K. Since A is a relatively steep at small q, the values ofṀ out are somewhat sensitive to the assumed mass ratio of the binary. For example, changing q to 0.05 or 0.2 gives A of about 93 or 29, respectively.
The bottom panel of Figure 2 shows the residuals with respect to the fit during the slow rise to the maximum. The residuals are not randomly distributed around zero, but are correlated on a timescale of a few to tens of days with amplitude greater than the photometric uncertainty. The most likely explanation is that these variations are caused by the nonisotropic distribution of matter in the outflow, a possible sign of the "garden-sprinkler" spiral created by the mass loss from the outer Lagrange point (Shu et al. 1979) . If the outflowing material keeps its tangential velocity, the characteristic duration of these correlated changes should increase with time as the increasingṀ out moves the photosphere to larger radii. The separation of the first two prominent peaks at t ≈ 4588 and 4600 is about 12 days, while the last and second-to-last peaks are separated by about 20 days, however, the variations in between are more stochastic and it is hard to deduce any timescale. The timescale of variations relative to P implies photospheric radii similar to what is required to explain the observed slow brightening.
V1309 Sco likely did not become optically thick from all angles simultaneously. Tylenda et al. (2011) showed how the shape of the eclipsing binary light curve evolved as a function of time: the magnitude difference between the maximum at phase 0.75 and minima at phases 0.0 and 0.5 decreases to essentially zero with increasing time, while the maximum at phase 0.25 appears to be relatively unchanged. At phases 0.25 and 0.75, we see both stars from the side with observed surface area maximized. The light curve of V1309 Sco can be explained by a gradually growing "dark spot" on one of the stars that has maximum visible surface area around phase 0.75, and has little effect on the flux at other phases. Putting a "bright spot" on the stars fully visible at either phase 0.25 or 0.75 would lead to an increase of the total amplitude of variability, because the binary would get brighter at these phases relative to phases 0.0 and 0.5, which is not observed. If the mass loss occurs as a gradually spreading stream originating from L2, the density and hence optical depth of the material will be higher on one side of the binary than the other and could explain the evolution of the binary light curve. The material would have to be colder than the stars to cause obscuration (and possibly the drop in luminosity when the binary variability disappeared), while later causing the brightening due to large surface area. Detailed modelling of the pre-outburst light curve of V1309 Sco could thus constrain the spatial structure of the mass loss.
DISCUSSIONS
The model presented in Section 3 connects together the directly observed period changes and the subsequent slow brightness rise through intense mass loss. However, the quasistatic evolution of the outflow photosphere is followed by a rapid brightening that started on t ≈ 4710 and lasted ∼ 5 days, which is only a few orbits. The short timescale implies that a different physical effect quenches the quasistatic evolution of the optically-thick outflow.
The rapid brightening can be achieved by significantly increasing the radiation efficiency in the wind for example due to a passing shock wave; converting ∼ 70% of wind power at t ≈ 4710 to radiation is enough to explain the peak luminosity derived by Tylenda et al. (2011) . However, it is not clear what would be the origin of such a shock. Instead, the rapid brightening might be a sign of the merger of the underlying binary. Ivanova et al. (2013a) and Nandez et al. (2013) performed simulations of a binary merger with parameters appropriate for V1309 Sco and found that the merger ejects a shell of several 10 −2 M ⊙ on the dynamical timescale and the rapid brightening is powered by the associated recombination energy. Their results well match the properties of V1309 Sco around the maximum brightness, after t ≈ 4710.
Implications for similar transients
Could the model presented here be used to predict when the rapid brightening occurs? Such a prediction would be extremely interesting from an observational point of view, but is difficult based on order-of-magnitude estimates alone. For example, the decrease of the semi-major axis between t ≈ 2300 and 4710 inferred from period changes and optically-thick outflow is less than 3%, so any condition based on a would require signficant fine tuning.
Instead, it is interesting to ask what is the range of validity of the model presented here and how would the opticallythick outflow look like in binaries with different properties, especially the orbital period. First, in order to get an opticallythick outflow, the mass loss rate must be sufficiently high to produce a photosphere at R τ =1 a. Apart from the opacity of the material, this condition depends on the characteristic velocity of the outflow v esc , which scales with the binary period (Eq. [7] ). As a result, the criticalṀ out , which gives R τ =1 = a, scales asṀ out ∝ a 1/2 ∝ P 1/3 for constant opacity. Second, it is also reasonable to assume that the opticallythick outflow does not radiate any substantial part of its kinetic energy. In the formalism of Equation (9), η ≪ 1. I choose a rather arbitrary maximum value of η = 0.05, which corresponds to the inferred properties of the outflow of V1309 Sco at t ≈ 4710. Lines of constant η imply scalingṀ out ∝ a −2 ∝ . . Figure 4 . Constraints on the properties of a continuous outflow with mass loss rateṀout from binaries with orbital period P. The mass was assumed to be M = 1.7 M ⊙ and the mass loss rate is linked to period changeṖ using Eqs. (2) and (3) with q = 0.1. The dark yellow wedge shows the allowed parameter space for the continuous optically-thick outflow, where slow brightening can be observed. The lower limit of the wedge is due to requirement R τ =1 > a (Eq.
[7]) and the upper limit is given by the luminosity constraint η < 0.05 (Eq.
[9]), both assuming opacity κ = 5 × 10 −3 cm 2 g −1 appropriate for V1309 Sco and consistent with T ∼ 5000 K material (Alexander & Ferguson 1994; Ferguson et al. 2005) . Two additional wedges drawn with grey dashed lines are similar constraints but for opacities lower and higher by a factor of 10. The blue vertical line shows the orbital period of V1309 Sco and the blue dots show the derived mass loss rates at specific times (see also Figs. 2 and 3). P −4/3 for constant opacity. These constraints are summarized in Figure 4 in the parameter space of the relative outflow rateṀ out and orbital period P. The yellow wedge shows the combined constraint R τ =1 > a and η < 0.05 for opacity appropriate for V1309 Sco and similar constraints for higher and lower opacities are shown with grey dashed lines. These wedges indicate that the behavior similar to V1309 Sco (slow luminosity increase due to an optically-thick outflow) can be expected only in binaries with P 30 days, which produce relatively cool and thus not very opaque outflows. Although high opacities require only small M out , the outflow luminosity would be very much higher than its kinetic energy. Similarly, long-period binaries would require very low κ and thus very highṀ out .
What would be the observable appearance of binaries that are losing mass with highṀ out but increasing the binary brightness would require unreasonably high η? The outflow in such binaries would neccessarily produce high optical depths τ , but the outflow could only reprocess the binary luminosity to lower temperatures, T eff ≈ τ −1/4 T binary , keeping the total luminosity essentially fixed. Low temperatures in such outflows would be very conducive for dust formation and such binaries would appear as very cool and dusty stars. If the mass loss was due to dynamical non-conservative mass transfer that lasted only a short amount of time, the result would be an expanding cold dusty shell. In either case, such obscured objects could potentially be identified by infrared observations.
A recent event OGLE-2002-BLG-360 (Tylenda et al. 2013 ) showed brightening on a timescale about ∼ 3.5 times longer than V1309 Sco. The lack of any significant short-period preoutburst variation is in line with an optically-thick outflow during dynamical mass loss and a reasonable fit to the rising part of the light curve is possible with Equations (7-10). Unlike V1309 Sco, OGLE-2002-BLG-360 did not show a rapid brightening on a dynamical timescale. Perhaps in this case, the dynamical mass loss was due to nonconservative mass transfer, which did not end with a merger of the two stars. The slow rise to maximum distinguishes V1309 Sco, OGLE-2002-BLG-360, and potentially also V4332 Sgr (Kimeswenger 2006; Martini et al. 1999 ) from other "red novae" such as V838 Mon and M31 RV, which seem to show only rapid brightening from a quiescent magnitude (e.g. Sharov 1993; Munari et al. 2002; Sobotka et al. 2002) . It is also worth noting that these objects differ from M85 OT2006-1, SN 2008S, and NGC300 OT2008-1 in their spectral evolution, luminosity, and progenitors (Kulkarni et al. 2007; Prieto et al. 2008; Berger et al. 2009; Bond et al. 2009; Smith et al. 2009; Thompson et al. 2009 ). The non-detection of a slow rise to maximum might simply be due to a lack of pre-outburst measurements: there would be no indication of a slow rise in V1309 Sco without the extensive OGLE data. It is worth mentioning that the tentative category of "red novae" is heterogenous in many other aspects as well. Transients due to dynamical mass loss might also be confused with other sources of variability such as microlensing, which was the case of OGLE-2002-BLG-360 (Tylenda et al. 2013 ).
6. CONCLUSIONS I focused on two previously overlooked features of the outburst of V1309 Sco: (1) the rapidly accelerating pre-outburst period decay (Fig. 1) and (2) the slow rise to optical maximum (Fig. 2) . I showed how these two observed features can be unified through a model of a continuous optically-thick outflow generated by dynamical but long-lasting mass loss. I obtain remarkably good fits of the light curve and period evolution ( Figs. 1 and 2 ) and interpret the fitted parameters within the optically-thick outflow model. In particular, I constrain the mass loss rate of the binary (Fig. 3) . The model assumes that most of the orbital decay energy goes into the kinetic energy of the outflow.
This new class of transients distinguished by a slow rise to optical maximum that are driven by dynamical mass loss deserves much more detailed and realistic calculation. It is especially important to properly calculate the thermodynamic structure of the wind, including realistic opacities and dust formation, which occurred in OGLE-2002-BLG-360 (Tylenda et al. 2013 ) and after optical maximum in V1309 Sco (Nicholls et al. 2013) . The optically-thick outflow is also likely asymmetric, which is possibly observed in the residuals of the fit (Fig. 2) . Proceeding forward with greater realism will be rewarding, because the optically-thick outflow encodes the mass-loss evolution of the underlying binary and is potentially important for other similar types of systems involving massive stars (e.g. Belczynski et al. 2008; Eldridge et al. 2008; de Mink et al. 2013) , white dwarfs (e.g. Webbink 1984; Verbunt & Rappaport 1988; Benz et al. 1990; Dan et al. 2011) , and neutron stars (e.g. Rasio & Shapiro 1994; Rosswog 2005; D'Souza et al. 2006) . I am grateful to T. Thompson and C. Kochanek for encouragement, discussions, suggestions, and a detailed reading of the manuscript. I thank K. Stanek for encouragement and suggestions, and to R. Tylenda for providing me with period measurements of V1309 Sco. I thank the referees for useful and constructive suggestions, J. Goodman for discussions and R. Rafikov for suggesting the tidal resonance. Support for Program number HST-HF-51327.01 was provided by NASA through a Hubble Fellowship grant from the Space Telescope Science Institute, which is operated by the Association of Universities for Research in Astronomy, Incorporated, under NASA contract NAS5-26555. I thank the OGLE team for making their data public. I acknowledge with thanks the variable star observations from the AAVSO International Database contributed by observers worldwide and used in this research.
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